Manuka honey has broad-spectrum antimicrobial activity and unlike traditional antibiotics, 17 resistance to its killing effects has not been reported. However, its mechanism of action 18 remains unclear. Here we investigated the mechanism of action of manuka honey and its key 19 antibacterial components using a transcriptomic approach in a model organism, Pseudomonas 20 aeruginosa. We show that no single component of honey can account for its total 21 antimicrobial action, and that honey affects the expression of genes in the SOS response, 22 current array of wound treatments due to its effective antibacterial activity that does not 40 promote resistance in bacteria. 41
oxidative damage and quorum sensing. Manuka honey uniquely affects genes involved in the 23 explosive cell lysis process and in maintaining the electron transport chain, causing protons 24 to leak across membranes and collapsing the proton motive force; and induces membrane 25 depolarisation and permeabilisation in P. aeruginosa. These data indicate that the activity of 26 manuka honey comes from multiple mechanisms of action that do not engender bacterial 27 resistance. 28 29 Importance 30
The threat of antimicrobial resistance to human health has prompted interest in complex, 31 natural products with antimicrobial activity. Honey has been an effective topical wound 32 treatment throughout history, predominantly due to its broad-spectrum antimicrobial activity. 33
Unlike traditional antibiotics, honey-resistant bacteria have not been reported, however, 34 honey remains underutilised in the clinic in part due to a lack of understanding of its 35 mechanism of action. Here we demonstrate that honey affects multiple processes in bacteria, 36 and this is not explained by its major antibacterial components. Honey also uniquely affects 37 bacterial membranes and this can be exploited for combination therapy with antibiotics that 38 are otherwise ineffective on their own. We argue that honey should be included as part of the 39
Introduction 43
Honey has been used for millennia as a topical antibacterial [1] [2] [3] [4] [5] [6] and, unlike traditional 44 antibiotics, bacterial resistance to honey has not been reported 7, 8 . The increasing prevalence 45 of antimicrobial resistance demands alternative infection control and has prompted renewed 46 scientific interest in complex, natural products with potent antimicrobial activity, like honey. 47
However, honey remains underutilised in the clinic presumably due to a paucity of 48 information on the mechanisms by which honey kills bacteria. 49 50 Honey is a complex mixture, with over 100 components, including sugars, proteins, phenols 51 and plant-and bee-derived enzymes 9 . The antibacterial activity of honey is derived from 52 multiple factors: osmotic stress from the high sugar concentration 10, 11 ; low pH (between 3.2-53 4.5); and, the presence of hydrogen peroxide (H 2 O 2 ) produced from the bee-derived enzyme 54 glucose oxidase. It was widely considered that the latter was the primary source of the 55 antibacterial activity of honey and it is known to vary significantly in honeys from different 56 floral sources 10,12-15 , however, following neutralisation of H 2 O 2 by catalase, certain honeys 57 retained high levels of antibacterial activity, referred to as non-peroxide activity (NPA). NPA 58 was first observed in New Zealand manuka (Leptospermum scoparium) honey 15, 16 . It has 59 now been established that active manuka-type (Leptospermum sp.) honeys from New Zealand 60 and Australia have substantially higher levels of NPA compared to honeys from other floral 61 sources 17, 18 . This is, in part, due to the high concentrations of the naturally occurring 62 chemical methylglyoxal (MGO) in some Leptospermum-derived honeys 19, 20 . 63 64 affordability, sensitivity and accessibility of genetic analysis, we can now elucidate the entire 90 changes that happen to a bacterial cell when exposed to different treatments. We have used a 91 global transcriptomic approach, RNA-seq, as well as classical cell biology techniques, to 92 characterise the effects of manuka honey and its key components (MGO, sugar and the 93 combination) on P. aeruginosa. This opportunistic pathogen is commonly associated with 94 burn wounds and surgical site infections 42 and listed by the World Health Organisation as a 95 Priority 1 'critical' pathogen for which novel treatment therapies are urgently needed 43 . We 96 demonstrate that 1) exposure to manuka honey causes significant, widespread changes in the 97 transcriptomic profile of P. aeruginosa; 2) the mechanism of action and effect of honey on 98 the transcriptomic response of P. aeruginosa is different to that of MGO, sugar or a 99 combination thereof; and 3) only whole manuka honey, and not these key components, 100 dissipates membrane potential in P. aeruginosa and is an important part of the mode of action 101 of manuka honey. 102 103
Methods 104
Bacterial strains, media and antimicrobial agents 105
106
The bacterial strains used in this study are described in Table S1 . Strains were cultured on 107 cation-adjusted Mueller Hinton (CAMH media grown aerobically at 37°C unless stated 108 otherwise. 109
110
The manuka honey used in this study is the same unprocessed honey, collected and prepared 111 as previously described 23 RNA-seq read quality was assessed using FASTQC (version 0.11.5) and trimmed using 157 Trimmomatic (version 0.36) using the default parameters and trimmed of adaptor sequences 158 (TruSeq3 paired-ended). Reads were aligned to the P. aeruginosa UCBPP-PA14 genome 159 (http://bacteria.ensembl.org/Pseudomonas_aeruginosa_ucbpp_pa14/Info/Index/, assembly 160 ASM14162v1) and then counted using the RSubread aligner (version 1.30.7) with the default 161 parameters 49 . After mapping, differential expression analysis was carried out using strand-162 specific gene-wise quantification using the DESeq2 package (version 1.18.0) 50 . Further 163 normalisation was conducted using RUVSeq (version 1.13.0) and the RUV correction 164 method with k = 1, to correct for batch effects, using replicate samples to estimate the factors 165 of unwanted variation 51 . Absolute counts were transformed into standard z-scores for each 166 gene over all treatmentsthat is absolute read for a gene minus mean read count for that 167 gene over all samples and then divided by the standard deviation of all counts over all 
Results and discussion 207
The antimicrobial activity of manuka honey against P. aeruginosa cannot be 208 explained solely by methyglyoxal presence or levels 209
We determined the contribution of MGO and sugar (either in isolation or in combination with 210 one another) to the antibacterial activity of manuka honey against P. aeruginosa by minimum 211 inhibitory and minimum bactericidal concentration (MIC and MBC, respectively) assays 212 (Table 1) . 213 <TABLE 1> 214 P. aeruginosa growth was inhibited by 10% w/v manuka honey, in agreement with previous 215 reports 53 and manuka honey was bactericidal at 12% w/v ( Table 1 ). The MIC values for AH, 216 AHMGO and MGO alone were higher than that of manuka honey and MGO had the highest 217 MIC of all treatments; none of these treatments were bactericidal at the highest 218
concentrations that could practicably be tested ( Table 1 ). The MIC for MGO alone was 5.5-219 fold higher than that of manuka honey (equivalent to 495 ppm MGO compared to 90 ppm 220 MGO, respectively) similar to previous reports for the MIC of MGO against P. aeruginosa 221 PAO1 24 . These results show that although MGO does contribute to the activity of manuka 222 honey against P. aeruginosa, it is not the main factor responsible for inhibition or cell death. 223 This is very different to S. aureus where the MGO content of manuka honey correlates 224 strongly with anti-staphylococcal activity 18 . 225 226
Manuka honey affects a range of biological processes and pathways 227
The molecular responses of P. aeruginosa to manuka honey and its key components was 228 investigated using RNA-Seq. We applied treatments at subinhibitory concentrations and short 229 exposure times (0.5× MIC for 30 minutes), since this approach induces more specific 230 responses and reduces indirect effects, thereby giving the most informative transcriptomic 231 data 54,55 . We confirmed these conditions induced significant and meaningful changes in gene 232 expression by pilot RT-qPCR experiments on targeted genes ( Figure S1 ). It should be noted 233 that using 0.5× MIC across all treatments meant that the final MGO concentration was 234 different under each treatment condition in the RNA-Seq experiments (Table S2) , and we 235 were mindful of this in interpreting the data. 236
237
We first explored the transcriptomic changes in P. aeruginosa induced by manuka honey. 238
Manuka honey markedly affects the transcriptomic profile of P. aeruginosa compared to the 239 untreated control ( Figure 1A) , with changes to the expression of 3177 of 5892 coding 240 sequences (54%; false discovery rate threshold = 0.05). A similar number of genes were 241 upregulated (n= 1646, representing 28% of all coding genes) versus downregulated (n=1531, 242 or 26%). Analysis of only the genes with a log 2 FC of ≥ ±2 showed that 235 were 243 differentially expressed, equivalent to 4% of all coding sequences. When this thresholding 244 was applied, more genes were upregulated than downregulated ( Figure 2A Figure 2A ). In the manuka treated sample, the two genes in the PA14_56360-56370 operon 255 were amongst the top five most upregulated (log 2 FC = 5.87 and 5.85, respectively). These 256 genes encode hypothetical proteins that share homology with proteases from the DJ-1/PfpI 257 family in P. aeruginosa PAO1, namely the oxidative stress response gene ahpF (log 2 FC = 258 5.46), the glyoxalase enzyme gloA3 (log 2 FC = 5.19) and the aldo-keto reductase gsp69 259 (log 2 FC = 5.16) ( Figure 2A ). The genes that had the largest downregulation following Functional groups corresponding to biological processes were manually curated and 288 visualised as heatmaps ( Figure 4 ). Functional groups were selected where several genes 289 involved in a particular pathway or process were affected, and where at least two of those 290 genes were amongst the 25 most differentially up-or downregulated. Manuka honey 291 treatment induced the differential expression of genes involved in (but not limited to) quorum 292 sensing ( Figure 4A ), the oxidative stress response ( Figure 4B ) and the SOS response ( Figure  293 4C) and tailocin (sometimes referred to as pyocin) genes ( Figure 4D ; this is discussed later). 294
To our knowledge, this is the first report of SOS induction by manuka honey in any 295 microorganism. Our data suggesting that manuka honey affects quorum sensing via the 296 downregulation of the pqsABCDE operon supports previous studies in P. aeruginosa PAO1 297 37 . Complementary techniques such as microarray analysis, genetic screens and proteomic 298 approaches 13,29,56,57 have shown honey can affect the expression of genes involved in the 299 oxidative stress responses in S. aureus and E. coli and our findings indicate that this also 300 occurs in P. aeruginosa. 301
<FIGURE 4> 302 303
In order to explore whether oxidative stress responses were due to the generation of reactive 304 oxygen species (ROS), thought to be a common killing factor of many antimicrobials, we 305 performed MIC assays under anaerobic conditions where ROS formation is impeded 58-60 . 306 There was no difference in the MIC of manuka honey under aerobic versus anaerobic 307 conditions, suggesting that ROS (and related oxidative stress) is not the only contributor to 308 the antimicrobial mechanism of action. We have also previously demonstrated that 309 exponentially growing P. aeruginosa PAO1 cells had condensed chromosomes after 310 treatment with 4% w/v manuka honey, suggesting that it inhibits DNA replication in these 311 cells 22 . DNA degradation by oxidative damage would result in dispersed chromosomes 312 rather than condensed ones, indicating that oxidative stress is not the mechanism of death in 313 manuka honey treated P. aeruginosa. 314
315
Can the transcriptomic effects of manuka honey on P. aeruginosa be 316 accounted for solely by its key components? 317
318
The transcriptomic effects of manuka honey on P. aeruginosa appear to be greater than the 319 sum of its parts, MGO and sugar, although there were many similar changes observed. 320
Treatment with manuka honey induced transcriptional changes resulting in a unique gene 321 expression profile when compared to the profiles of P. aeruginosa treated with the major 322 components individually (Figure 1 ). Hierarchical clustering analysis of RNA-Seq data 323 revealed that the manuka honey (MH) gene expression profile was most similar to AH and 324 most different to MGO alone. The combination of AHMGO was more similar to MH than 325 MGO alone ( Figure 1A ) and this is supported by PCA ( Figure 1B) . There were certain categories that were differently affected by manuka honey relative to its 358 major components, for example genes in the 'transport of small molecules' category were 359 mainly downregulated by manuka honey whereas AHMGO and MGO seemed to induce both 360 up-and downregulation. The significantly higher number of differentially expressed genes in 361 AHMGO and MGO treatment may be a downstream effect of the higher degree of 362 differential expression of genes in the 'transcriptional regulators' category ( Figure 3 ), which 363 includes transcriptional regulators such as lasR, rhlR, algQ, and mvfR (also known as pqsR). 364
All of these genes are global regulators controlling transcription of large sets of genes across 365 the P. aeruginosa genome in response to different stimuli 66 . 366
Like manuka, the expression of genes in the oxidative stress response was also affected by 367 AHMGO and MGO. This data is congruent with the expression data of genes involved in the 368 SOS response, where AHMGO and MGO induced strong upregulation in a wide range of 369 genes involved in SOS, notably recA and lexA (Figure 4 ). MGO is known to cause damage to 370 DNA by modification of guanine bases 27,67,68 , and has been reported to inhibit the initiation 371 of DNA replication, causing double stranded breaks in DNA that induces DNA repair 26 . 372 MGO treatment has been shown to induce the SOS response in B. subtilis 69 , therefore the 373 strong upregulation of genes in the SOS response by both MGO and AHMGO is not 374
surprising. 375
Curiously, our data shows that manuka honey induces comparable expression of SOS 376 response genes to MGO and AHMGO treated cells despite containing a much lower 377 concentration of MGO. Previous research shows that the expression of SOS genes reduces 378 over time after initial exposure to MGO and this is thought to be due to the initial transient 379 depletion of glutathione (GSH) which is required for the function of the GSH-dependent 380 glyoxalase systems of gloA genes 26 . While it is clear that MGO plays a role here, the 381 upregulation of SOS genes by manuka honey cannot be solely attributed to this component. 382
383
Whilst similarities across the treatments were seen, we identified 76 genes as being uniquely 384 differentially expressed by manuka honey (Figure 5 ). These genes included phage-related 385 genes (Figure 3) , such as the chromosomally encoded tailocin genes hol and lys ( Figure 4D) , 386 which are involved in explosive cell lysis, mediated though the tailocin pathway and 387 dependent on endolysin (lys). We also saw significant gene expression changes in haem 388 oxygenase nemO, oxidative stress response genes sodM, ankB and katA and metabolic genes 389 fumC1 and glpD2. Uniquely downregulated genes include those encoding ABC transporters, 390 ybeJ, gltJK and dppD, metabolic genes atoB, braE, maiA, fahA and gnyB and the cytoplasmic 391 potassium transporter K + binding and translocating subunit kdpA. 392
We tested the susceptibility of single-gene knock-out mutants (n= 23) of P. aeruginosa that 393 were either highly or uniquely differentially expressed after manuka treatment (Table S3 ). 394
One mutant, ΔgloA3 (encoding a glyoxalase enzyme for MGO detoxification), showed 395 increased susceptibility (MIC = 5%) relative to the wild-type (MIC = 10%) (Table S3) , 396 suggesting that this gene is important for the survival of P. aeruginosa in the presence of 397 honey. The ΔgloA3 strain is deficient in lactoylglutathione lyase, one of the three redundant 398 enzymes required for the conversion of MGO and glutathione to lactoylglutatione suggesting 399 that lactoylglutathione lyase plays a role in the antimicrobial action of manuka. However, it is 400 still unclear whether this is solely due to its capacity to detoxify MGO or other downstream 401 effects. The chemical complexity of honey would suggest that it targets multiple pathways or 402 proteins therefore a single mutation may not lead to a change in MIC. This is consistent with 403 the inability of bacteria to develop resistance to honey 7 . 404 405 One of the most perturbed pathways for manuka honey treated cells related to aerobic 406 respiration, for example, nemO, phuT and phuS ( Figure 5 ). PhuST can maintain iron 407 homeostasis by binding haem and either stores it or transferring it to NemO which is then 408 able to liberate iron 70 . Haem is a cofactor of cytochromes and acts as the electron shuttle for 409 many enzymes in the electron transport chain, playing a critical role in cellular respiration 71 . 410
Combined with the expression levels of genes involved in the electron transport chain and 411 central carbon metabolism ( Figure 4E suggesting that a unique component manuka honey is required. This component appears to be 430 acting as a novel protonophore that facilitated the passage of protons down an electrical 431 gradient across a biological membrane ( Figure 6A) . 432
<FIGURE 6> 433 434
To validate whether manuka honey can induce membrane depolarisation in live P. 435 aeruginosa cells, we used flow cytometry with DiBAC 4 (3), a fluorophore subject to selective 436 uptake in depolarised cells (representative plots shown in Figure S3 ). We assessed the 437 number of cells with depolarised membranes after treatment (2 hours) with manuka and its 438 key components. CCCP (100 µM), a PMF uncoupler, was included as a positive control 439 ( Figure 6B ). Measurement of membrane potential in P. aeruginosa is complicated by outer 440 membrane exclusion of fluorophores and EDTA pre-treatment is often used to increase dye 441 uptake in Gram-negatives 74,75 . However, this induced wide-spread membrane depolarisation 442 making negative and positive controls indistinguishable (data not shown). A well 443 characterised 'hyperporinated' P. aeruginosa PAO1 strain expressing a chromosomally 444 encoded gene for a modified E. coli siderophore uptake channel 76 was used to overcome 445 these limitations. 446 447 Manuka honey induced significant membrane depolarisation in P. aeruginosa, unlike MGO 448 and AH ( Figure 6B ). Whilst AHMGO induced significant membrane depolarisation relative 449 to the untreated control, this was at levels significantly lower than manuka honey. Exchange 450 of protons across lipid bilayers by manuka honey ( Figure 6A ) suggests a dissipation of the 451 PMF and is consistent with our data showing an overall collapse of PMF in P. aeruginosa 452 after treatment with manuka ( Figure 6B ). However, manuka treatment resulted in an 453 increased number of cells positive for TO-PRO-3 fluorescence, indicating membrane 454 permeabilisation. This strongly suggests that the depolarisation observed in P. aeruginosa 455 cells is a result of damage to the cytoplasmic membrane ( Figure 6C) . 456
457
Because of the observation of membrane permeabilisation and depolarisation, we 458 hypothesised that manuka honey may affect the activity of antibiotics, for example 459 tetracyclines, to which P. aeruginosa is innately resistant. Tetracyclines inhibit the binding of 460 aminoacyl-tRNA to the mRNA translation complex 77 and a major mechanism of tetracycline 461 resistance is through cytoplasmic membrane drug transporters, which require PMF for drug 462 exportation 77,78 . We expect manuka honey treatment could increase tetracycline uptake due 463 to increased permeabilisation and reduce efflux as a result of PMF collapse and thus enhance 464 the potency of these antibiotics. 465 466 Accordingly, four tetracyclines were chosen for assessment of synergistic interaction with 467 manuka honey by chequerboard assays, among which tetracycline, doxycycline and 468 minocycline are known substrates to Tet efflux pumps (TetA/B) 77 and some resistance-469 nodulation-division (RND) family transporters (MexAB-OprM, MexXY-OprM and MexEF-470 OprN) 79,80 , but tigecycline is not recognised by Tet transporters and has a much weaker 471 interaction as a substrate to the RND pumps 81 . The functionality of the RND pumps is also 472 membrane potential dependent. Consistent with our hypothesis, apart from tigecycline, 473 manuka honey had strong synergy with the tetracycline antibiotics (Table 2) . Furthermore, 474 the synergy is positively correlated with the MICs of the tetracyclines (Table 2 ), suggesting 475 that manuka honey is effective to restore tetracycline antibiotic potency against the bacterial 476 strains that would otherwise be resistant. Tetracyclines have other resistance determinants, 477 such as ribosomal protection proteins and enzymatic inactivation 77 . We cannot exclude the 478 possibility that the cause of the tetracycline-manuka synergy is more than membrane 479 depolarisation and permeabilization, but this is beyond the scope of current study. 480
<TABLE 2> 482 483
The PMF is an attractive target for antimicrobial therapy as it is a fundamental process in 484 energy generation for bacteria. A collapse in the PMF impedes the ability of bacteria to 485 generate energy required to drive processes necessary for resistance to antibiotics, for 486 example, detoxification of tetracycline by PMF-driven multidrug resistant efflux pumps 78 . 487
Our data suggests that manuka honey is collapsing the PMF in P. aeruginosa ( Figure 6 ), and 488 that this may be a biophysically driven mechanism such as damage to the cytoplasmic 489 membrane, and is independent of proteins involved in the electron transport chain. Previous 490 reports have shown that manuka honey acts synergistically with tetracycline against S. aureus 491 82 but only additively against P. aeruginosa 83 , however, our data suggest manuka honey also 492 acts synergistically with tetracycline against P. aeruginosa (Table 2) This study is the first to use a global transcriptomic approach, RNA-seq, in combination with 503 classic microbiology techniques, to investigate the effects and antibacterial mechanism of 504 action of manuka honey and its key antibacterial components against P. aeruginosa. We 505 demonstrate that: (1) 
